Decision Making Trial and Evaluation Laboratory (DEMATEL) has been applied in many situations, such as marketing strategies, control systems, safety problems, developing the competencies of global managers and group decision making. It has been incorporated into other methods such as Analytical Network Process (ANP), Multiple Criteria Decision Making (MCDM), fuzzy set theory, etc., to vitalize these traditional methods and explore new applications for the hybrid methods. DEMATEL models the influences of components of a system with an initial direct relation matrix. Influences of components can ripple transitively to other components, which is modeled by raising the initial direct relation matrix to powers. The total influence is computed by summing up matrices of all powers based on the assumption that the matrix raising to the power of infinity would converge to zero. The current paper shows that raising the initial relation matrix to the power of infinity may not converge to zero and hence total influence may not converge. The current paper also shows that our revised DEMATEL guarantees that the initial direct-relation matrix to infinite power will converge to zero and the total influence can be obtained accordingly. The newly developed approach is illustrated with numerical examples.
Introduction
In practice, the Decision Making Trial and Evaluation Laboratory (DEMATEL) method [1] [2] [3] has been applied to illustrate the interrelations among criteria and to find the central criteria to represent the effectiveness of factors/aspects. It has also been applied in many situations, such as marketing strategies, control systems, safety problems [4, 5] , development of the competencies of global managers, and group decision making [4] [5] [6] [7] [8] [9] . Furthermore, hybrid models combining the DEMATEL and other methods have been widely used in various fields, for example, e-learning evaluation [10] , airline safety measurement [5] , and innovation policy portfolios for Taiwan's SIP Mall [11] . Wu and Lee proposed an effective method combining fuzzy logic and the DEMATEL to segment required competencies for better promoting the competency development of global managers which involves the vagueness of human judgments [12] . Yang et al. used DEMATEL not only to detect complex relationships and build an impact-relation map (IRM) of the criteria, but also to obtain the influence levels of each element over others; they then adopted these influence level values as the basis of the normalization supermatrix for determining ANP weights to obtain the relative importance [13] . The ANP [14] [15] [16] [17] , which is the general form of analytic hierarchy (AHP) [18] , has been applied successfully in many practical decision-making problems, such as project selection, product planning, green supply chain management, and optimal scheduling problems [19] [20] [21] .
Wei et al. proposed SEM modified by DEMATEL technique as the causal model of Web-advertising effects [22] . Wu et al. applied the DEMATEL method to not only evaluate the importance of the criteria but also construct the causal relationships among the criteria to evaluate the outreach personnel program [9] . Yang and Tzeng proposed an integrated multiple criteria decision making (MCDM) technique which combines the DEMATEL and a novel cluster-weighted ANP method in their work [23] , in which the DEMATEL method is used to visualize the structure of complicated causal relationships between criteria of a system and obtain the influence level of these criteria. Buyukozkan and Ozturkcan developed a novel approach based on a combined ANP and DEMATEL technique to help companies determine critical Six Sigma projects and identify the priorities of these projects especially in logistics companies [24] .
The complex interaction among components of a system can be modeled by DEMATEL. The initial influence of a component on another component is represented by a value between 0 and 1. Zero means that the component exercises no influence, and one means that it exercises an absolute influence. A matrix with such entries is used to represent the initial influence between components of a system. The complication of the interaction among components results from the assumption that the influence may ripple transitively. The transitive influence is modeled by matrix multiplication. The initial matrix represents the direct influence, and the multiplication of the matrix n times represents the n-indirect influence exercised by the components of a system. For example, 2-indirect influence, which is obtained by raising the initial matrix to the power of two, represents the influence exercised by a component after a ripple of length two; moreover, the 1-indirect influence is the same as the initial direct influence. The total influence exercised by a component is obtained by summing up the direct initial influence and the indirect influence of all lengths; therefore, the total influence is the sum of an infinite series.
The current paper finds that the infinite series of the total influence using the conventional DEMATEL might not converge under some circumstances. A sufficient condition for the infinite series to be convergent is identified in this paper. Based on such sufficient condition, we proposed a new version of DEMATEL, which guarantees the convergence of the infinite series.
A simple guideline for readers to choose DEMATEL or our revised DEMATEL is to check the normalized initial direct-relation matrix. If each column sum of the matrix is less than one, then DEMATEL is applicable. Otherwise, DEMATEL is not applicable and our revised DEMATEL should be used.
The rest of the paper is organized as follows. Section 2 presents the original version of DEMATEL. Section 3 identifies the infeasibility of the original DEMATEL by giving a counter example to show the divergence resulted from the original DEM-ATEL. Section 4 presents a sufficient condition under which the total influence, the sum of an infinite series, will converge and a new version of DEMATEL. Section 5 applies the newly developed approach to cases for which the original DEMATEL is infeasible and feasible. We demonstrate how our new proposed approach works and how close our solution is to that of the original DEMATEL. Section 6 discusses the potential risk might be met in the original DEMATEL computation. Finally, conclusions are presented in Section 7.
The original DEMATEL
For clarity, the original DEMATEL method is reiterated and summarized in the following:
Step 1: Find the average matrix A Suppose we have H experts to provide their opinions and n factors to be considered. Each stakeholder is asked to indicate the degree to which he or she believes the factor i affects the factor j. These pairwise comparison between the ith factor and the jth factor given by kth expert is denoted as b ðkÞ ij , which takes an integer score ranging from 0, 1, 2, 3, and 4, representing 'No influence (0),' 'Low influence (1),' 'Medium influence (2),' 'High influence (3),' and 'Very high influence (4),' respectively. The scores given by each expert will form a n Â n non-negative answer matrix B ðkÞ ¼ ½b
. . ., B (H) are the answer matrices of H experts. The diagonal elements of each answer matrix B (k) are all set to zero, which means no influence is given by itself. We can then compute the n Â n average matrix A for all experts by averaging the H experts' scores as follows:
The average matrix A = [a ij ] nÂn is also called the initial direct relation matrix. The matrix A shows the initial direct effects that a factor exerts on and receives from other factors. Furthermore, we can map out the causal effect between each pair of factors in a system by drawing an influence map. Fig. 1 is an example of such an influence map. Here, each letter represents a factor in the system. An arrow from c to d shows the effect that c exercises on d, and the strength of its effect is four. DEM-ATEL can convert the structural relations among the factors of a system into an intelligible map of the system. ð2Þ
Since the sum of each row i of the matrix A, P n j¼1 a ij , represents the total direct effect that the factor i gives to other factors, max 16i6n P n j¼1 a ij represents the largest total direct effect of all factors. Likewise, since the sum of each column j of the matrix A, P n i¼1 a ij ; represents the total direct effect received by the factor j, max 16j6n P n i¼1 a ij represents the largest total direct effect received for all factors. The positive scalar s takes the larger of the two as the scaling factor, and the matrix D is obtained by dividing each element of A by the scalar s. Note that each element d ij of matrix D is between zero and one.
Step 3: Compute the total relation matrix 
However, the assumption that lim
nÂn is incorrect, which is to be shown in the next section. Therefore,
Once T = [t ij ] nÂn is obtained, we can define r and c as n Â 1 vectors representing the sum of rows and the sum of columns of the total relation matrix T as follows: 
where the superscript 0 denotes transpose. Let r i be the sum of the i-th row of the matrix T. Then r i shows the total effect, both direct and indirect, given by the factor i to other factors. Let c j denotes the sum of the j-th column of the matrix T. Then c j shows the total effect, both direct and indirect, received by the factor j from other factors. Thus when j = i, the sum (r i + c i ) gives us an index representing the total effect both given and received by the factor i. In other words, (r i + c i ) shows the degree of the importance (total sum of the effects given and received) that the factor i plays in the system. In addition, the difference (r i À c i ) shows the net effect that the factor i contributes to the system. When (r i À c i ) is positive, the factor i is a net causer, and when (r i À c i ) is negative, the factor i is a net receiver [10, 25] .
Step 4: Set a threshold value and obtain the impact-relations-map
In order to explain the structural relation among the factors while keeping the complexity of a system to a manageable level, it is necessary to set a threshold value p to filter out some negligible effect in the matrix T. While each factor of the matrix T provides information on how one factor affects another, the decision-maker must set a threshold value in order to reduce the complexity of the structural relation model implied by the matrix T. Only some factors, whose effect in the matrix T is greater than the threshold value, should be chosen and shown in an impact-relations-map (IRM) [10] .
Infeasibility of DEMATEL
To demonstrate the infeasibility of the original DEMATEL, let us consider the following example. Example 1. Assume two intelligible maps of as system are given by two experts as shown in Figs. 2 and 3 .
The answer matrices corresponding to the intelligible maps are as follows: The initial direct relation matrix, which is obtained by averaging the answer matrices, is as following:
A ¼ By finding the maximum of the row sums, which is five, and the maximum of the column sums, which is also five, the normalized initial direct-relation matrix D is given by dividing the initial direct relation matrix by five, which is 
The revised DEMATEL
In this paper, we present a sufficient condition under which the infinite-direct influence will become a null matrix such that the sum of the infinite series, the total influence, will converge. Theorem 3. Let D be a normalized initial-direct relation matrix having the column sum of each column less than one; then lim 
where B (k) is the answering matrix of the k-th respondent.
2. Calculate the normalized initial-direct relation matrix X. It is calculated by
where
and e is a very small positive number, for example, 10
À5
. 3. Derive the total influence matrix S.
All indirect influence matrices are
Similar to the original DEMATEL, the revised DEMATAL also requires the infinite power of the normalized initial-direct relation matrix become a null matrix, which is not guaranteed by the original DEMATEL but guaranteed by our revised DEM-ATEL. The fact of convergence is shown in the following theorem.
Theorem 4. The term of the total influence infinite series, X N , will approach null matrix [0] nÂn as N approaches infinity. That is,
P n i¼1 a ij Þ, we have 8j;
P n p¼1 x pj < 1. According to Theorem 3, we have lim
Since the infinite-indirect influence X 1 is zero, the infinite series of the total influence can be obtained according to the following theorem.
. Since the sum of each column of X is less than one, it is easy to show that I À X is diagonalizable. That is, I À X is invertible. Therefore, Multiplying both sides of the above equation by (I À X) À1 , we have
Since lim
Illustration
Four examples are illustrated in this section. The first example is to demonstrate that the case which is infeasible for the original DEMATEL becomes feasible for our revised DEMATEL. The second example shows that, for those cases that are feasible for the original method, the solution of the revised DEMATEL is quite close to the solution of original DEMATEL if e is small enough. Two empirical examples are used to illustrate our method. The third example applies our revised method to the data used by Shieh et al. [19] . And in the last example, the data used by Chen and Chen [2] to develop to an innovation support system for Taiwan higher education is adopted to verify our revised DEMATEL.
Example 2
Let us revisit Example 1 by the revised DEMATAL as follows.
Step 1 The initial direct relation matrix, which is obtained by averaging the answer matrices, is as following:
A ¼ By finding the maximum of the row sums, which is five, and the maximum of the column sums, which is also five, the normalized initial direct-relation matrix D is given by dividing the initial direct relation matrix by five, which is which is the solution of the original DEMATEL. Let us take a look at the solution of our revised method. According to the step 2 of our method, s ¼ maxðmax 16i6n P n j¼1 a ij ; e þ max 16j6n which is very close to T. Therefore, for the cases where the original DEMATEL is feasible, our method provides solutions very close to those of the original DEMATEL.
Example 4
Shieh et al. [26] try to identify the key success factors of hospital service quality. In their study, they first use SERVQUAL model to identify seven major criteria from patients' or their families' viewpoints at Show Chwan Memorial Hospital in Changhua City, Taiwan. When the key criteria were found, the second survey developed for applying decision-making trial and evaluation laboratory (DEMATEL) method was issued to the hospital management to evaluate the importance of the seven criteria. The seven major criteria are well-equipped medical equipment, service personnel with good communication skills, trusted medical staff with professional competence of health care, service personnel with immediate problem-solving abilities, detailed description of the patient's condition by the medical doctor, medical staff with professional abilities, and pharmacist's advices on taking medicine. The average matrix A obtained by averaging the questionnaires from the 21 managerial personnel is as follows: A ¼ educational experts were asked to specify the relationships between the seven measurement dimensions. The initial directrelation matrix is obtained by averaging the matrices from the sixty-six experts, which is as follows: DEMATEL. How closely our method would approach to the original DEMATEL depends on the choice of the small positive constant epsilon. The smaller the epsilon is, the closer the solution is. Our method provides a more rigid approach for those applications to which original DEMATEL is applied.
